Microbial growth within the water-saturated subsurface environment was investigated by exposing sandy sediments to groundwater for 12 weeks at a depth of 10 or 20 m in a stainless-steel groundwater well. Washing and heating the sediment to 600°C (removal of organic carbon) prior to the exposure did not prevent the natural microbial community from colonizihg the sterilized sediment samples. Total cell counts of more than 107 or 108 per g of dried sediment were obtained. Viable cell counts of 105 cells per g on oligotrophic media indicated the presence, within the exposed sediment, of a highly active and multiplying biota. Microscopic analysis of enrichments inoculated with exposed sediment samples revealed a total of 45 different morphotypes, approximately 42% of the microbial community observed in previous studies of this site. The interstitial water running off of the retrieved sediment contained only 17 morphotypes and had up to 6 x 105 viable cells per ml.
In recent years it has become well known that even deep aquifers abound with microbial life (1, 2, 4, (6) (7) (8) (9) 15) . However, it is still not clear if microorganisms found in the water-saturated zone are dormant or if they are metabolically active. Few attempts have been made to demonstrate in situ activity with 14C-labeled substrates (12) or to follow the spreading of living fecal indicators such as Escherichia coli K-12 (7, 13) . These experiments indicated that microorganisms may indeed be quite active in the aquifer environment. However, actual growth of bacteria in groundwater sediments in situ has yet to be demonstrated.
The present study describes a method by which sterilized subsurface sediment could be introduced into the aquifer environment of deeper wells and be exposed there to permit study of possible colonization of the sediment and also interstitial water. Within a period of 12 weeks, the initially sterile sediment did become colonized to an extent that exceeded the normal local cell density per gram of dry sediment. Also colonized were sediment samples that had been freed of organic carbon by a twofold heat treatment at 6000C. sity, total and viable cell numbers, and presence of special physiological groups (6) (7) (8) . The groundwater temperature was 9°C, and the organic carbon content varied from 9 to 15 mg per g of dry sediment, the latter being determined coulometrically with a Stroelein apparatus.
MATERIALS AND METHODS
Preparation of the sediment. For the first experiment, the sediment was washed three times with double-distilled water and dried at 100°C for 1.5 h. Portions (80 g) were then added to each of four experimental vessels described below; the vessels were sterilized by autoclaving while they were already within the transportation unit (Fig. 1 ). Tests were made to assure sterility, and one of the 80-g portions was used to determine the initial organic carbon content.
For the second experiment, the sediment was baked in flat porcelain pans for 4 h at 600°C to remove all organic carbon. After overnight cooling in a desiccator over P205, the sediment was again baked for 4 h at 600°C; it turned reddish during this procedure, indicating oxidation of iron compounds. After cooling over P205 for nearly 2.5 h, the now-carbon-free sediment was washed three times with 200 ml of fresh double-distilled water by shaking at 160 rpm for 4 h and by changing the water repeatedly. The water was carefully decanted between these treatments to avoid the loss of fine-grained components. The sediment was then dried at 100°C, added as 80-g portions to the experimental vessels described below, and autoclaved in the transportation apparatus shown in Fig. 1 .
Experimental vessel for the exposure of sediment. The experimental vessel is shown in Fig. 1 after it was placed into the special glass beaker for moist and sterile transportation to the test area. For the in situ exposure, we used a glass filtration unit (Sartorius; 2.5 cm diameter) which was covered at the lower end with the corresponding glass sinter plate and at the upper opening with a porcelain Buchner filtration funnel. The funnel protected the vessel from contamination by well water neuston during positioning and retrieval of the vessel after completion of the experiment. This arrangement was held together by perforated silicone rubber disks and tubing. For transportation purposes, we immersed the apparatus in sterilized groundwater and then filled it with 80 g of the pretreated sediment, being careful to avoid the trapping of air bubbles. After the openings were FIG. 1. Experimental vessel for the exposure of sterilized sandy sediment in groundwater of a well, with the aim of avoiding contamination by groundwater neuston. The glass beaker and aluminum foil protect the apparatus during transport to the site. 1, Aluminum foil; 2, silicone rubber ring plate; 3, Buchner filtration funnel; 4, silicone 0-ring; 5, glass filtration unit; 6, sandy sediment to be exposed; 7, silicone tubing holding upper and lower silicone ring plates together; 8, glass sinter plate; 9, lower silicone rubber ring plate; 10, sterile groundwater. covered with aluminum foil, the complete apparatus was autoclaved for 1 h at 121°C and brought to the test area while still immersed in sterile groundwater from the proper depth of the same well.
Exposure with the sterilized sediment. One of four vessels was tested for sterility by sampling sediment and water and inoculating these into YM medium or into nutrient agar (Difco Laboratories, Detroit, Mich.) and incubating at 30°C. Before the sterile vessels were positioned in the well, the neuston on the well water surface (depth, 3.25 m) was removed by touching it off with a horizontal layer of sterile filter paper. The experimental vessels were then attached to a sterile nylon string and gently lowered into the well water after removal of the protecting aluminum foil. Exposure depths were 10 and 20 m. The string remained fastened to the well cover during the 12 weeks of exposure time. For final retrieval of the vessels, the neuston of the wells was again removed and the experimental vessels were slowly pulled up. They were transferred into sterile 200-ml glass beakers and covered with aluminum foil. The interstitial water running out of the vessels was immediately diluted serially with sterile-filtered well water from the corresponding depths for viable counting. The dilution series and the exposed vessels were then transferred to the laboratory over ice and processed 1.5 h later.
Processing of the exposed sediment samples. 
RESULTS
When the experimental vessels were retrieved, they lost interstitial water which was also used for various analyses. The sediment changed color during exposure in both experiments. The sediment became yellowish when incubated in a depth of 10 m, while the sediments from 20 m became reddish-orange and contained flakes of ferric hydroxide. The sediment in the experimental vessels was not disturbed by the retrieval procedure.
Cell counts. The AODC (total cell counts) and viable cell counts (expressed as CFU per gram of dry soil or per milliliter of groundwater) showed that, during the 12 weeks of exposure, a dense microbial flora had developed on or in, respectively, the initially sterile sediments (Table 1) . Where it was possible to compare CFU from sodium pyrophosphate extracts with those from sterile groundwater extracts, significant differences could not be detected. Generally, AODC in the local groundwater or sediment samples were about two to three orders of magnitude higher than the viable cell counts, an observation also made by other scientists (3, 4) . Additionally, these cell counts were 10-to 100-fold higher than those of previous groundwater or sediment samples from the same location. This may reflect the higher bacterial density in the stagnant water of the well.
The cell counts obtained from the sediment which had been baked to remove organic carbon were only slightly lower than those of the sediment which still contained the original organic carbon. The viable cell counts obtained with the different media (Table 1) were rather similar, indicating that a similar proportion of the total community had been cultivated. In the first experiment, the viable cell counts of sediments from a depth of 20 m were significantly higher than those of sediments from 10 m. The interstitial water had more CFU per milliliter than pumped water had in previous determinations (8) . This could indicate that interstitial water represents a situation intermediate between the somewhat richer environment of the sediment particle surface and the more oligotrophic situation of the freely flowing water of the aquifer (10) .
Direct microscopic observations. The morphological diversity of the colonizing microorganisms was studied with phase-contrast light microscopy and by using an MT table (7) . Thus, an MT may be recognized by morphology (form, size, pigmentation, storage compounds), the state of aggregation (formation of chains, rosettes, clumps), capsular size, behavior (motility, phototaxis), or mechanism of propaga- total of 107 morphologicaily different microorganisms. Of these, the exposed sediment samples contained 45 MTs, which constituted 42% of the previously known community ( Table 2 ). Most prevalent in the sediment were straight rods, curved rods, and Caulobacter spp. There were no significant differences between the two experiments or the different depths of exposure. MT diversity in the interstitial water was also investigated. Rod MTs were most common here, and a total of 17 different MTs were seen (Table 3) .
A study of the neuston layer of the well (which had been touched off with glass slides or filter paper) revealed organisms that were microscopically quite different from those observed in the fresh sediments, water samples, or enrichments cultures. The neuston contained branched and granulated rods and filaments resembling actinomycetes (Mycobacterium or Nocardia spp.) and also masses of short rods surrounded by polymer as in freshwater neuston. A contamination of our sediment samples with neuston would have been detected, therefore, and could thus be excluded.
DISCUSSION
Experiments to study the physiology of groundwater microorganisms are usually carried out with pure cultures and in the laboratory. However, all such experiments can only reveal the physiological potential of these microorganisms; they will not provide information on growth in situ, i.e., within the subsurface environment (14) . High cell counts after 12 weeks of exposure of sterile sediments strongly suggest the arrival of colonizers and growth within 
